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The question of whether melanins are photoprotecting
and/or photosensitizing in human skin cells continues to
be debated. To evaluate the role of melanin upon UVA
irradiation, DNA single-strand breaks (ssb) were
measured in human melanocytes differing only in the
amount of pigment produced by culturing at two different
concentrations, basic (0.01 mM) or high (0.2 mM), of
L-tyrosine, the main precursor of melanin. In parallel,
pheo- and total melanin contents of the cells were deter-
mined. Identical experiments were performed with two
melanocyte cultures derived from a skin type I and a skin
type VI individual. For the first time the correlation
between UVA-induced genotoxicity and pheo-/total
melanin content has been investigated. We observed that
cultured in basic medium, the skin type VI melanocytes
contained 10 times more total melanin and about seven
times more pheomelanin than the skin type I melano-
cytes. Elevation of tyrosine level in the culture medium
resulted in an increase of both pheo- and total melanin
levels in both melanocyte cultures; however, the melanin
For the prevention of skin cancer it is essential to knowwhich factors play a role in skin carcinogenesis and theirrelative influence. Cancer risk estimations have been madeusing epidemiologic and environmental data, geneticsusceptibility, and action spectrum for UV carcinogenesis
(Slaper et al, 1996). This risk modelling, in which the UVB exposure
plays an important role, appears to be accurate in the case of
nonmelanoma skin cancers; however, for the less frequent, but most
aggressive melanoma, it must be regarded with some reservations as
other inducing factors, especially UVA radiation, should be considered.
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composition of skin type I melanocytes became more
pheomelanogenic, whereas that of skin type VI melano-
cytes remained the same. The skin type VI melanocytes
cultured in basic medium demonstrated a very high
sensitivity (1.18 ssb per 1010 Da per kJ per m2) toward
UVA that is probably related to their high pheo- and
total melanin content. Their UVA sensitivity, however,
did not change after increasing their melanin content by
culturing at high tyrosine concentration. In contrast, the
skin type I melanocytes demonstrated a low sensitivity
(0.04 ssb per 1010 Da per kJ per m2) toward UVA when
cultured in basic medium, but increasing their melanin
content resulted in a 3-fold increase in their UVA sensitiv-
ity (0.13 ssb per 1010 Da per kJ per m2). These results
demonstrate that UVA-irradiated cultured human
melanocytes are photosensitized by their own synthesized
chromophores, most likely pheomelanin and/or melanin
intermediates. Key word: single-strand breaks. J Invest
Dermatol 111:678–682, 1998
Interest in the actions of UVA has recently increased because this
region of sunlight was proved to be potentially carcinogenic in animal
models (Kelfkens et al, 1991; Setlow et al, 1993; Ley, 1997). Moreover,
UVA exposure may be increasing due to the use of UVB sunscreens
with high protection factors and modern tanning equipments. UVA
genotoxicity is most likely induced by indirect mechanisms in which
reactive oxygen species are generated after the radiation is absorbed,
by as yet unidentified, endogenous photosensitizers (Peak and Peak,
1991). Melanins are suggested to be possible key chromophores for
UVA in pigment cells. The importance of melanin in the induction of
melanoma by UVA is supported by the findings of Setlow et al (1993),
indicating that UVA absorbed by melanin is effective in inducing
melanoma in the heavily pigmented fish model. In Monodelphis domestica,
UVA was shown to be as effective as UVB in induction of melanoma
precursors (Ley, 1997); however, epidemiologic studies indicate that
pigmentation in humans with darker skin provides protection against
melanoma (Sondik et al, 1985), although the precise mechanisms of
protection are not known. Interestingly, albino blacks have a low
incidence of melanoma as well (Lookingbill et al, 1995). This suggests
that melanoma risk must reflect some of the characteristics of the
melanocyte or the type of melanin (Diffey et al, 1995).
In terms of photodermatologic implications it is relevant to know
what the consequences of UV irradiation are on human skin with
different melanin content and composition. To address this question
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several experiments with cultured pigment cells were undertaken.
Pheo-and eumelanin, the two types of pigment produced by human
melanocytes, are assumed to play different roles as chromophores. To
date the most frequently studied parameter to investigate the effect of
melanins during UVA irradiation in pigment cells has been survival.
Yohn et al (1992) reported that melanocytes from black individuals
were more resistant to UVA cytotoxicity than melanocytes from white
subjects at UVA doses above 150 kJ per m2. Hill (1995), however,
found that a more pigmented Cloudman S91 mouse melanoma cell
line was more sensitive to killing than a less pigmented one. These
controversial results indicate the need for another endpoint related to
genotoxicity.
Melanins have been shown to be involved in radical reactions during
UV irradiation (Sarna et al, 1985; Cesarini, 1988), and the formation
of single-strand breaks (ssb), the main type of DNA lesions following
UVA exposure, is due to the generation of reactive oxygen species
initiated by UVA (Peak and Peak, 1991). Therefore, the induction of
DNA ssb is an appropriate parameter to investigate any photoprotective/
radical scavenging or photosensitizing/radical generating effect of
melanins in cells. Recently, we have shown, by means of an immuno-
chemical assay, that even physiologic doses of UVA can induce a readily
detectable number of ssb in skin type II melanocytes (0.07 ssb per 1010
Da per kJ per m2; Wenczl et al, 1997).
In this study we investigated how the induction of ssb by UVA in
the DNA of human melanocytes was related to their pheo- or total
melanin (TM) content. To evaluate the role of melanin upon UVA
irradiation, DNA ssb were measured in melanocytes differing only in
the amount of pigment produced by culturing the same cells at two
different concentrations of L-tyrosine, the main precursor of melanin.
Independently, the pheomelanin and TM contents of the cells were
also measured. The same study was performed with two melanocyte
cultures derived from a skin type I and a skin type VI individual, to
investigate whether the genetic background affects the relationship
between UVA sensitivity and melanin content.
Our results demonstrate that (pheo)melanin acts as a photosensitizer
upon UVA irradiation, resulting in increased DNA ssb induction in
skin type I melanocytes following increased melanization; however,
the UVA sensitivity of skin type VI melanocytes was not influenced
by the increase in their melanin content, although they demonstrated
a very high UVA sensitivity attributable to melanin.
MATERIALS AND METHODS
Isolation and culture of human melanocytes Melanocytes were isolated
and cultured as described previously (Wenczl et al, 1997). Two cell cultures
were used: one was derived from a donor with skin type I (M96–02) and the
other from a donor with skin type VI (M91–08) pigmentary phenotype. The
basis of the growth medium was Ham’s F10 supplemented with 16 nM phorbol-
myristate-13-acetate, 2.5 nM choleratoxin, 0.1 mM isobutylmethylxanthine,
5% fetal calf serum (Hyclone, Logan, UT), 100 IU penicillin per ml, and
100 µg streptomycin per ml. Melanocytes up to passage 10 were used for
experiments.
Cells were seeded at a density of 3 3 105 cells per 90 mm Petri dish. The
day after seeding medium was replaced with Ham’s F10 medium containing
0.01 mM (basic) or 0.2 mM L-tyrosine [high tyrosine (HT); Sigma] and
supplemented with 16 nM phorbol-myristate-13-acetate, 0.1 mM isobutylme-
thylxanthine, 1% Ultroser G (Gibco BRL; Smit et al, 1995, 1997), 100 IU
penicillin per ml, and 100 µg streptomycin per ml. To reduce the variation in
the results of the immunochemical assay observed previously (Wenczl et al,
1997), Ultroser G, a serum substitute, was used, securing a more constant
composition of the medium than various fetal calf serum batches. Cells were
cultured in these special media for 10 d and medium was refreshed every third day.
Prior to irradiation the culture medium was removed, and cells were
washed with phosphate-buffered saline (pH 7.4) and treated with 10 mM
ethylenediamine tetraacetic acid/phosphate-buffered saline during 15 min at
20°C. Thereafter, culture medium was added, and melanocytes were suspended
and transferred into a tube. The number of cells was determined by counting
in a hemocytometer. One part of the cell suspension was kept for melanin
determinations and the other part was spun down for 5 min at 1000 rpm. After
removing the supernatant, the melanocytes were resuspended in phosphate-
buffered saline to a final concentration of 6 3 105 cells per ml.
Irradiations and dosimetry An aliquot of 0.5 ml of the melanocyte
suspension was transferred to each Petri dish (3 cm diameter) to be irradiated
or sham irradiated. The Petri dishes were placed on melting ice during UVA,
γ or sham irradiation. For UVA irradiation a Sellas Sunlight source (type
2001, Sellas, Gevelsberg, Germany) was used in combination with two filters
(UVASUN blue sheet and UVASUN blue film); the emission spectrum of this
combination was in the wavelength range of 340–400 nm as described earlier
(Scharffetter et al, 1991). The irradiance of UVA after passing through the cover
of the Petri dish was 70 W per m2. The fluence of UVA was monitored by an
International light radiometer (IL 700), equipped with a SEE 400 detector in
combination with a WBS 320 filter. For γ-radiation a 60Co γ-source was used
at a dose rate of 3.3 Gy per min.
Determination of DNA single-strandedness The single-strandedness was
determined by sandwich enzyme-linked immunosorbent assay according to a
method described originally for lymphocytes (Timmerman et al, 1995) and
recently adapted for melanocytes (Wenczl et al, 1997). The principle of the
method was that the limited local single-strandedness associated with each
strand break was converted by strictly controlled partial unwinding in alkaline
medium into a long stretch of single-stranded DNA to which the anti-single-
stranded DNA monoclonal antibody could bind. To obtain a linear dose–
response in the same dose range, skin type VI cells were treated with alkali of
pH 12.0, whereas skin type I cells were treated with that of pH 12.1. Fresh
alkali was made each time using 1.3 M NaCl adjusted to pH 12.0 or 12.1 with
1 M NaOH. After a 6 min incubation the solutions were neutralized with
250 mM NaH2PO4. The 100% single-stranded DNA samples were prepared
by treatment with alkali of pH 12.3.
The microtiter plates were first precoated with the monoclonal antibody,
incubated for 10 min, and washed. Then the DNA samples and the corresponding
100% single-stranded DNA samples were added, incubated for 10 min,
and washed. After incubation with the second antibody alkaline-phosphatase
conjugate for 10 min and its substrate (4-methylumbelliferyl phosphate) for an
hour, the fluorescent product was recorded with a microtiter plate reader
(Cytofluor II, Perceptive Biosystems, Framington, MA). From the fluorescence
data the percentage of single-stranded DNA was calculated. For comparison
results were expressed in Gray-equivalents (Gy-eq; Wenczl et al, 1997). In this
way the relative difference in the amount of single-stranded DNA is comparable
for the applied two pH values using the same cell type and the effect of
unwinding at different pH values is eliminated (Van Loon et al, 1992). The
results in Gy-eq were further expressed in ssb per Da DNA per kJ per m2.
This can be calculated if we assume that 1 Gy γ-rays induces 2.5 ssb per 1010
Da DNA in human cells in culture medium (Van der Schans et al, 1983).
Preparation of samples for melanin measurements Melanocytes were
harvested, counted, rinsed with phosphate-buffered saline, centrifuged, and the
supernatant removed. The cell pellets were stored at –20°C until further analysis.
Aqueous suspensions of melanocyte pellets were prepared at a concentration of
4–5 3 106 cells per ml for pheomelanin measurements and 7–10 3 106 cells
per ml for TM measurements. One-hundred-microliter suspensions were used
for both total and pheomelanin determinations.
Melanin measurements TM was measured spectrophotometrically at
500 nm after the solubilization of the pigment in Soluene-350 (Packard) as
described previously by Ozeki et al (1995). All the measurements were performed
in duplicate.
Pheomelanin was analyzed by high-performance liquid chromatography
combined with electrochemical detection as described by Ito and Fujita (1985)
and modified by Kolb et al (1997). The method is based on the chemical
degradation of pheomelanin and the high-performance liquid chromatography
analysis of the specific degradation products, 3-amino-L-tyrosine (AT) and 4-
amino-3-hydroxyphenylalanine (AHP). Each measurement was performed
in duplicate.
RESULTS
Induction of melanin in melanocytes derived from skin type I
or VI individuals Pheomelanin (AT 1 AHP) and TM contents
were quantitated in melanocyte cultures from a skin type I and a skin
type VI donor. In order to vary the melanin content, cells were
cultured for 10 d in basic medium or in a 20 times higher tyrosine
containing medium (HT medium). Data are the mean of two independ-
ent experiments.
Table I shows that a high tyrosine level in the culture medium
resulted in an increase of both pheomelanin and TM levels in skin
type I as well as in skin type VI melanocytes. In skin type VI
melanocytes there was a 2-fold increase in both pheo- and total
melanin, therefore there was no change in their ratio. In skin type I
cells, however, there was a 7-fold increase in pheomelanin with only
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Table I. Melanin content of cultured human melanocytes derived from extreme skin types versus L-tyrosine concentration in the
culture mediuma
L-tyrosine µg AT 1 AHP/ AT/AHP µg TM/ AT 1 AHP/
Skin type concentration 106 cells ratio 106 cells TM ratio
VI 0.01 mM (basic) 1.00 6 0.40 0.410 6 0.050 103 6 15 0.010 6 0.005
VI 0.2 mM (HT) 1.90 6 0.65 0.360 6 0.006 213 6 14 0.009 6 0.004
I 0.01 mM (basic) 0.15 6 0.05 0.140 6 0.010 9.8 6 0.8 0.015 6 0.003
I 0.2 mM (HT) 1.10 6 0.15 0.120 6 0.001 21.9 6 1.9 0.050 6 0.004
aData are the mean 6 SEM of two individual experiments.
Table II. Mean single strandedness in sham and g-irradiated
melanocytes versus culture mediuma
Culture γ-irradiation dose Mean single strandedness
Skin type medium (Gy) (%) 6 SEM
VI basic sham 8.0 6 0.3
VI basic 5 4.7 6 0.5b
VI HT sham 12.0 6 1.4
VI HT 5 4.7 6 0.5b
I basic sham 4.9 6 1.5
I basic 5 9.0 6 0.7b
I HT sham 7.4 6 0.3
I HT 5 9.8 6 1.4b
aData are the mean 6 SEM of two individual experiments.
bData obtained after subtraction of sham values.
a 2-fold increase in TM, therefore there was a relative increase in
pheomelanin. It is noteworthy that there was no significant difference
between the AT 1 AHP/TM ratios in the cells derived from different
skin types and grown in basic medium, whereas the melanin content
reflected their racial origin: skin type VI melanocytes contained 10
times more TM and seven times more pheomelanin than skin type I
cells grown in the basic culture medium. Tyrosine addition did not
influence significantly the AT/AHP ratio within each skin type, thus
there was no change in the composition of pheomelanin with induction;
however, an approximately three times higher AT/AHP ratio was
found in skin type VI melanocytes in comparison with that in skin
type I cells.
Melanin content affects DNA ssb induction in sham- and UVA-
irradiated cells but not in g-irradiated cells The variation in the
results of the immunochemical assay as observed previously with skin
type II melanocytes was much less this time. The single-strandedness
in the sham-irradiated cells was 50% higher grown in HT medium
than in those cultured in basic medium (Table II). The ssb induction
by γ-rays was not affected by melanin content.
Figure 1 shows the number of UVA-induced DNA single-strand-
edness expressed in Gy-eq of skin type VI melanocytes grown in basic
or HT medium. No significant difference in sensitivity could be
observed and 0.47 Gy-eq per kJ per m2 single-strandedness (correspond-
ing to 1.18 ssb per 1010 Da per kJ per m2, see Materials and Methods)
was detected. Skin type I melanocytes, however, were three times
more sensitive toward UVA (0.13 ssb per 1010 Da per kJ per m2) after
increasing their pigment production than the same cells grown in basic
medium (0.04 ssb per 1010 Da per kJ per m2; Fig 2). Comparing the
ssb induction of both melanocyte cultures, the cells from a skin type
VI donor showed a much higher sensitivity than the cells from a skin
type I donor.
DISCUSSION
In this study we investigated the effect of melanin content and
composition on DNA ssb induction in UVA-irradiated human melano-
cytes derived from extreme skin types. We found that within both
(skin type I and VI) cell cultures, after increasing the melanin content,
the melanin composition (pheo-/total melanin ratio) appears to be a
Figure 1. Induced melanin does not influence the DNA single-strand
break induction in skin type VI melanocytes. After UVA irradiation on
ice, the melanocyte suspensions were treated with alkali at pH 12.0 followed
by analysis of the degree of single-strandedness with sandwich ELISA. DNA
damage was expressed in Gy-eq. The damage measured in sham-irradiated cells
(Table II) has been subtracted. Melanocytes were cultured at 0.01 mM (basic;
j) or at 0.2 mM (HT; d) L-tyrosine concentration for 10 d. Each symbol
shows the mean 6 SEM of two individual experiments.
Figure 2. Induced melanin production leads to increased sensitivity
toward UVA in skin type I melanocytes. UVA-induced damage in DNA
giving rise to partial single-strandedness in mild alkali at pH 12.1, expressed in
Gy-eq. The damage measured in sham-irradiated cells (Table II) has been
subtracted. Melanocytes were cultured at 0.01 mM (basic; j) or at 0.2 mM
(HT; d) L-tyrosine concentration for 10 d. Each symbol shows the mean
6 SEM of two individual experiments.
more important factor with regard to the change in UVA sensitivity
than the absolute quantity of melanin. Culturing at HT concentration
influenced the melanin composition and UVA sensitivity of skin type
I melanocytes only; however, we also found that melanin content
strongly correlated with UVA-induced DNA ssb induction in melano-
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cytes cultured in basic medium. In the less pigmented skin type I
melanocytes, many fewer ssb were induced than in the highly pigmented
skin type VI melanocytes. This finding is consistent with our earlier
finding obtained with a skin type II melanocyte culture (Wenczl
et al, 1997).
The results of the melanin measurements (Table I) show that
the basic differences in melanin content between the two skin types
studied are preserved in culture. Skin type VI melanocytes contained
much more pheo- and total melanin than skin type I melanocytes
grown in basic or HT media. The improved pheomelanin detection
method (Kolb et al, 1997), which provides the possibility of
separating the two isomers AT and AHP, gives the opportunity to
study also the composition of the formed pheomelanin in different
skin types. We observed a higher AT/AHP ratio in skin type VI
cells than in skin type I cells, whereas the AT/AHP ratio remained
constant within each melanocyte culture, despite the different culture
conditions (Table I). This finding indicates that the composition of
pheomelanin is different in these two cell cultures. We believe that
this is the first time such a difference has been described concerning
the composition of pheomelanin in cultured human melanocytes
from extreme skin types. The importance of the AT/AHP ratio is
not yet clear and needs to be investigated further.
Our experiments also indicate that the main difference in the extent
of the L-tyrosine stimulated melanin production between the studied
skin type I and VI melanocytes, is in regard to the pheomelanogenesis
that is much more pronounced in skin type I cells (Table I).
Pheomelanin synthesis increased by a factor of 7 in skin type I
cells, compared with a factor of only 2 in skin type VI cells. This
genetically predetermined difference in the melanogenic pathway
between the different skin types led to a changed, more pheomelanog-
enic melanin composition in HT treated skin type I melanocytes
that appears to contribute to their strongly increased UVA sensitivity
(Fig 2); however, beside pheomelanin the possible role of melanin
intermediates cannot be excluded. In type VI cells the melanin
composition did not change, which might explain their unchanged
UVA sensitivity following increased melanization (Fig 1).
DNA ssb are probably induced by indirect mechanisms initiated
by UVA involving free radicals (Peak and Peak, 1991). Therefore,
an increased DNA ssb induction can be caused by an increase of
the internal sensitizers, in this case melanin or its precursors, and/
or by a decrease of the cellular antioxidant defence system. Both
may play a role in the higher background values found in the
unirradiated cells cultured in HT versus basic medium in both skin
types (Table II). Hill and Hill (1987) also reported that incubation
with melanin caused DNA ssb and cell killing in mouse melanoma
cells. Miranda et al (1997) described that an increase of melanin
synthesis in human melanoma cells resulted in an increased rate of
sister chromatid exchange as a result of DNA damage during
replication. For the irradiated cells, however, further decrease of
the cellular antioxidant levels is not very likely because the cells
cultured in both the basic and the HT media exhibited similar
sensitivity toward γ-rays, which is a well-known physical oxidative
agent. Several authors described UV-induced radicals in melanin
containing systems; in these photochemical experiments emphasis
has generally been placed on the photosensitizing potential of
pheomelanin, but intermediates of melanin synthesis have also been
shown to possess a photosensitizing effect (Koch and Chedekel,
1987; Korytowski et al, 1987; Routaboul et al, 1995). Thus,
oxidative stress induced by UVA can be strongly enhanced by
pheomelanin and/or intermediates of melanin synthesis and it may
explain the increased UVA sensitivity in relation to skin type and
melanin content in our experiments.
This study demonstrates, for the first time, that UVA-irradiated
cultured human melanocytes are photosensitized by their own
synthesized chromophores, most likely pheomelanin and/or melanin
intermediates, which results in increased ssb induction. Although
DNA ssb may not have a long-lasting genotoxic effect, they well
reflect the cellular oxidative stress. In addition various other DNA
modifications may be generated, such as 8-hydroxyguanine, sites of
base loss, and DNA-protein cross-links (Cadet et al, 1992). The
mutagenic potential of some of these lesions, e.g., 8-hydroxyguanine,
has been well established (Wood et al, 1990; Shibutani et al, 1991).
Moreover, physiologically relevant doses of UVA can lead to signal
transduction and activation of oncogenes.2 Assuming that similar
processes occur in vivo, our results strongly support the argument
that UVA irradiation should be weighted more in skin cancer risk
estimations (especially melanoma) and also suggest a possible role
for pheomelanin in red-haired individuals.
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